Growth differentiation factor 15 (GDF15), a member of the TGF-b superfamily of cytokines, has been reported to exert very heterogeneous functions in various tumors. However, its expression and roles in mediating non-small-cell lung cancer (NSCLC) progression remain unknown. In this study, we found that GDF15 is downregulated in paired NSCLC tissues and correlated with poor clinical outcomes in NSCLC. A functional experiment demonstrated that overexpression of GDF15 significantly repressed NSCLC proliferation both in vitro and in vivo. Mechanistic studies reveal that inhibition of EZH2 expression prevented its binding to the GDF15 promoter region and reduced the trimethylation modification pattern of H3K27. Together, our data uncover that GDF15 is a direct target of EZH2 and, as a regulator of proliferation, might serve as a candidate prognostic biomarker and target for new therapies in human NSCLC.
INTRODUCTION
Lung cancer is one of the leading causes of cancer-related mortality worldwide. Non-small-cell lung cancer (NSCLC), which is the dominant form of lung cancer, is an early asymptomatic disease that constitutes a major global health problem. Despite the development of progressive therapeutic strategies in lung cancer research, the 5-year survival rate among NSCLC patients remains around 15% of diagnosed cases. 1, 2 Therefore, a better understanding of the molecular mechanisms underlying NSCLC development and progression is needed to develop more effective therapeutic options.
Growth differentiation factor 15 (GDF15), also known as macrophage inhibitory cytokine-1 (MIC-1), NSAID-activated gene (NAG-1), placental transformation growth factor-b (PTGFb), and placental bone morphogenetic protein (PLAB), is a secreted protein with homology to members of the transforming growth factor b (TGF-b) superfamily. 3 GDF15 is highly expressed in the placenta and adult prostate and at lower levels in fetal brain, liver, kidney, and pancreas. [4] [5] [6] [7] Previous investigations revealed that GDF15 is an important regulator of intestinal adenoma growth and may act as a tumor suppressor gene. 8, 9 Additionally, some nonsteroidal anti-inflammatory drugs (NSAIDs) induce apoptosis in colon cancer cells, which is possibly mediated by induction of GDF15. 3, 10, 11 GDF15 has also been reported to reduce cell adhesion and induce caspase-dependent apoptosis in prostate cancer. 12 In malignant gliomas, GDF-15 can promote cell proliferation and protects malignant glioma cells from natural killer (NK) and T cell-mediated cytotoxicity. 13 Similarly, GDF15 could suppress macrophage surveillance, which is regulated by nuclear factor kB (NF-kB) during early human pancreatic adenocarcinoma development. 14 These findings suggest that the tissue-specific GDF15 exerts diverse biological functions in tumors that remain largely obscure. To date, the role and detailed mechanisms of GDF15 in NSCLC tumorigenesis have not been elucidated.
In the present study, we aimed to explore whether GDF15 could be a key tumor suppressor gene which epigenetically repression mediated by EZH2 in NSCLC, and our findings provide new insights into the mechanisms of NSCLC tumorigenesis and support the potential of GDF15 as a therapeutic target in NSCLC treatment.
RESULTS

GDF15 Expression Was Downregulated in NSCLC Tissues and Associated with a Poor Prognosis
To initiate our investigation of GDF15, we first determined the GDF15 expression levels in 66 paired NSCLC samples and normal lung tissues by qRT-PCR, normalizing to GAPDH expression. The rCt value was determined by subtracting the GAPDH Ct value from the GDF15 Ct value. Smaller rCt values indicate higher expression. As shown in Figure 1A , GDF15 expression was significantly downregulated in 84.8% (56 of 66) cancerous tissues compared with normal counterparts. A paired t test was further performed, demonstrating a significant difference between NSCLC cancer tissues and normal counterparts (0.7749 ± 0.90148, p = 0.047). Next we explored the correlation between GDF15 expression and the clinicopathological factors of patients with NSCLC. In general, GDF15 expression was associated with TNM stage and tumor size. Specifically, patients with an advanced TNM stage (III/IV) were associated with lower GDF15 expression, whereas patients with a local TNM stage (I/II) were associated with a higher GDF15 level (0.9886 ± 0.99641 versus 0.2836 ± 0.25307, p < 0.001) ( Figure 1B ).
According to the median value of GDF15 expression levels, we categorized the samples into a high group (above the median, n = 33) and a low group (below the median, n = 33) ( Figure 1C) . A chi-square test was performed to evaluate clinic-pathological factors between the two groups, and the clinicopathological characteristics of the NSCLC patients are summarized in Table 1 . As shown in Table 2 , GDF15 levels were also correlated to age (p = 0.014), TNM stage (p < 0.001) and tumor size (p = 0.017).
Other clinicopathological features, such as gender and histological grade, were not statistically significant prognosis factors. KaplanMeier analysis and log rank test were used to evaluate the effects of GDF15 expression and the clinicopathological characteristics on overall survival (OS). Remarkably, down-expression of GDF15 was associated with a poor prognosis in patients with NSCLC (p < 0.001) ( Figure 1D ). In addition, analysis of KaplanMeier plots of 1,926 lung cancer patients (http://www.kmplot. com) also indicated a positive relationship between GDF15 and OS ( Figure 1E ).
Univariate analysis identified TNM stage (I/II, III/IV) and GDF15 expression level as prognostic factors. Multivariate analysis further confirmed that a low GDF15 expression level was an independent predictor of poor survival for NSCLC (p = 0.036) as well as TNM stage (p < 0.001) ( Table 3 ).
GDF15 Inhibits NSCLC Cell Proliferation and Induces Apoptosis
To evaluate the biological role of GDF15 in NSCLC, we first chose the human NSCLC cell lines SPCA1 and H1299 for further functional investigation. Then plasmid-mediated overexpression was used for exogenously manipulating the expression of GDF15 in both the SPCA1 and H1299 cell lines (Figure 2A ). The results of the western blot showed that GDF15 expression was significantly upregulated in SPCA1 and H1299 cells transfected with pcDNA-GDF15 compared with control cells ( Figure 2B ). MTT assays showed that overexpression of GDF15 inhibited the proliferation of SPCA1 and H1299 cells compared with control cells ( Figure 2C ). Consistently, colony formation assay results revealed that clonogenic survival was inhibited after overexpression of GDF15 in SPCA1 and H1299 cells ( Figure 2D ). Similarly, ethynyldeoxyuridine (EdU) staining assays also indicated that overexpression of GDF15 decreased NSCLC cell proliferation ( Figure 2E ).
Next, flow cytometric analysis was performed to further examine whether GDF15 affected the proliferation of NSCLC cells by altering cell cycle progression. Results revealed that SPCA1 and H1299 cells transfected with pcDNA-GDF15 had increased cell cycle arrest in G0/G1 phase ( Figure 3A ). To determine whether NSCLC cell proliferation was influenced by cell apoptosis, we performed a flow cytometry analysis. The results showed that NSCLC cells transfected with pcDNA-GDF15 promoted apoptosis in comparison with control cells ( Figure 3B ). These results indicated that GDF15 could restrain NSCLC development.
EZH2 Repressed GDF15 Expression via H3K27me3 Modification
We explored the potential mechanism of decreased GDF15 expression in NSCLC and found that it was associated with DNA methylation. 15 Previous studies have uncovered that histone methylation usually cooperates with DNA methylation in silencing gene activity. 16, 17 As an important component of methylation, histone methylation is considered an important factor in transcriptional activation and repression. 18 Enhancer of zeste homolog 2 (EZH2) is a methyltransferase and the core catalytic subunit of polycomb repressive complex 2 (PRC2), which catalyzes the trimethylation of histone3 lysine 27 (H3K27me3) to induce chromatin compaction and transcriptional silencing of target genes that are involved in fundamental cellular processes, such as cell proliferation, cell cycle regulation, cell differentiation, and cancer. [19] [20] [21] Recently accumulated evidence indicates that EZH2 is highly expressed in a wide range of cancer types, including NSCLC. [22] [23] [24] [25] In addition, several genes with a growth-inhibitory function have recently been found to be targeted by EZH2 in cancer cells. [26] [27] [28] Therefore, we examined whether GDF15 could also be a key tumor suppressor gene targeted for repression by EZH2 in NSCLC.
To assess the putative role of EZH2 in GDF15 repression, we first transiently depleted the expression of EZH2 in SPCA1 and H1299 cells ( Figures 4A and 4B ). To avoid off-target effects, we used an interference target sequence against EZH2, as studied in a previous article. 29 We observed that the loss of EZH2 was associated with upregulation of GDF15 at the mRNA and protein levels ( Figures  4C and 4D ).
To further verify the epigenetic silencing of GDF15 by EZH2, we performed chromatin immunoprecipitation (ChIP) assays to examine whether EZH2 and H3K27me3 occupy the GDF15 promoter in NSCLC cells transfected with si-EZH2 or non-specific small interfering RNA (si-NC). A nonspecific immunoglobulin G (IgG) antibody was used as a negative control. The qPCR results showed that the GDF15 promoter was enriched with endogenous EZH2 and H3K27me3, which was supported by the fact that knockdown of EZH2 expression reduced EZH2 binding and H3K27me3 modification ( Figure 4E ). To further validate the role of EZH2 in NSCLC, we detected the expression level of EZH2 in 30 pairs of NSCLC tissues and adjacent normal tissues. As shown in Figure 4F , EZH2 was obviously upregulated in NSCLC tissues. Finally, we verified that there was a negative correlation between the levels of GDF15 and EZH2 expression in NSCLC tissues from The Cancer Genome Atlas (TCGA) database ( Figure 4G ). In addition, the EZH2 mRNA expression level was negatively correlated with GDF15 in our 30 paired NSCLC tissues ( Figure 4H ). These data indicated that EZH2-mediated H3K27me3 modification has a key role in the repression of GDF15 expression.
GDF15 Inhibits NSCLC Cell Tumorigenesis In Vivo
To explore whether the level of GDF15 expression could affect tumorigenesis, SPCA1 cells stably transfected with pcDNA-GDF15 or an empty vector were inoculated into male nude mice. Transplantable tumors derived from pcDNA-GDF15-transfected SPCA1 cells showed reduced tumorigenicity in athymic nude mice compared with vector-transfected SPCA1 cells. Sixteen days after the injection, the tumors formed in the pcDNA-GDF15 group were substantially smaller than those in the control group ( Figures  5A and 5B). The average tumor weight in the pcDNA-GDF15 group was markedly lower than in the empty vector group ( Figure 5C ). In addition, qRT-PCR analysis found that the expression levels of GDF15 in tumor tissues formed from pcDNA-GDF15 cells were higher than in tumors formed in the control group ( Figure 5D ). Tumors formed from pcDNA-GDF15-transfected SPCA1 cells exhibited decreased positive for Ki67 and increased positive for GDF15 compared with those formed from control cells ( Figure 5E ). These data indicate that overexpression of GDF15 inhibits tumor growth in vivo.
DISCUSSION
NSCLC is one of the leading causes of cancer-related death worldwide. Because of late-stage diagnosis and frequency of metastasis, the 5-year survival rate for NSCLC remains poor (18.2%). 30 In our present study, we found that expression of GDF15 in NSCLC tissues was frequently lower than in corresponding non-tumor tissues. The low expression of GDF15 in NSCLC patients was negatively correlated with advanced TNM stage and large tumor size. Importantly, decreased expression of GDF15 in NSCLC tissues was associated with a poor prognosis and could be an independent prognostic indicator. These results demonstrated that GDF15 might have an important role in NSCLC progression.
As a member of the TGF-b superfamily, GDF15 has been shown to have important roles in diverse cellular processes, such as proliferation, apoptosis, metabolism, inflammation, and immune escape.
3,12,13,31,32 Some important clues have been obtained from studies of GDF15 gene expression and functional studies in breast cancer, glioma, prostate cancer, and intestinal adenoma. 9, 12, 13, 33 However, very little is known about the biological significance and molecular mechanisms of GDF15 in NSCLC carcinogenesis. To this end, we used gain-of-function assays to explore whether GDF15 plays a critical role in NSCLC cell proliferation. In our study, we found that overexpression of GDF15 could significantly repress NSCLC cell proliferation and induce apoptosis. These findings suggest that GDF15 functions as a tumor suppressor in NSCLC.
Tumor suppressor genes are usually inactivated by epigenetic alterations in cancer cells. Previous studies have reported that epigenetic regulatory factors such as histone modification or DNA methylation can manipulate the expression of tumor suppressors. For instance, epigenetic silencing of KLF2 occurs in cancer cells through direct transcriptional repression mediated by the Polycomb group protein EZH2. 28 In several glioblastoma cell lines, DNA methylation in the GDF15 promoter was strongly associated with low GDF15 expression. 34 In addition, studies have shown that histone methylation usually cooperates with DNA methylation in silencing gene activity. 16, 17 EZH2, a methyltransferase that is a key catalytic subunit of PRC2, functions as a histone methyltransferase that specifically induces transcriptionally incompetent H3K27me3 to the targeted genes. 35 Increased EZH2 expression has been found in diverse malignancies and is associated with tumor cell cycle regulation and cell proliferation. 36, 37 Here we found that the mRNA levels of the epigenetic factor EZH2 were upregulated in NSCLC tissue compared with normal tissue. Knockdown of EZH2 expression significantly upregulated GDF15 expression, whereas ChIP assays showed that inhibition of EZH2 expression prevented its binding to the GDF15 promoter region and reduced H3K27me3 modification, inducing GDF15 expression. Furthermore, the EZH2 mRNA expression level was inversely correlated with GDF15 in TCGA NSCLC samples. Our previous study also found that EZH2 could epigenetically repress the expression of SPRY4 in esophageal squamous cell carcinoma. 38 Overall, our data indicate that the expression of GDF15 was significantly decreased in NSCLC tissues, which was at least partially mediated by the histone methyltransferase EZH2.
In summary, this study identified that the expression of GDF15 was markedly decreased in NSCLC tissues and that its downregulation may be a negative prognostic factor for NSCLC patients for the first time. Overexpression of GDF15 repressed cell proliferation, facilitated cell apoptosis in vitro, and inhibited tumorigenesis in vivo. Furthermore, GDF15 undergoes transcriptional silencing in human tumorigenesis by the direct repression of an oncogenic Polycomb protein, the histone methyltransferase EZH2. EZH2-mediated inactivation of GDF15 blocks the tumor suppressor features of GDF15. Our findings elucidate a potential mechanism underlying the tumor suppressor GDF15 in NSCLC and indicate that GDF15 could be a useful marker in NSCLC.
MATERIALS AND METHODS
Tissue Collection and Ethics Statement
A total of 66 patients analyzed in this study underwent resection of NSCLC at the First Affiliated Hospital of Nanjing Medical University. The study was approved by the Research Ethics Committee of Nanjing Medical University (Nanjing, Jiangsu, China), and written informed consent was obtained from all patients. The clinicopathological characteristics of the NSCLC patients are summarized in Table 1 .
Cell Cultures
The NSCLC cell lines SPCA1 and NCI-H1299 were purchased from the Institute of Biochemistry and Cell Biology at the Chinese Academy of Sciences (Shanghai, China). The cells were cultured in RPMI 1640 medium or DMEM (Gibco-BRL) supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin in incubators at 37 C with 5% CO 2 .
RNA Extraction and qRT-PCR Analyses
Total RNA was extracted from tissues or cultured cells using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). For qRT-PCR, RNA was reverse-transcribed to cDNA by using a reverse transcription kit (Takara, Dalian, China). Real-time PCR analyses were performed with SYBR Green (Takara, Dalian China). Results were normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The gene-specific primers were as follows: GDF15 forward, 5 0 -CTCCAGATTCCGAGAGTTGC-3 0 and reverse, 5 0 -AGA GATACGCAGGTGCAGGT-3 0 ; GAPDH forward, 5 0 -AGCCACAT CGCTCAGACAC-3 0 and reverse, 5 0 -GCCCAATACGACCAAAT CC-3 0 ; EZH2 forward, 5 0 -TGCACATCCTGACTTCTGTG-3 0 and reverse, 5 0 -AAGGGCATTCACCAACTCC-3 0 . qRT-PCR and data collection were carried out on an ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA). The relative expression of GDF15 was calculated and normalized using the 2 ÀDDCt method relative to GAPDH.
Transfection of Cell Lines
The GDF15 sequence was synthesized according to the full-length GDF15 sequence and then subcloned into a pcDNA3.1 vector (Invitrogen, China). The empty pcDNA3.1 vector was used as the control. The plasmid was transfected by X-treme GENE HP DNA transfection reagent (Roche, Basel, Switzerland) according to the manufacturer's instructions. The nucleotide sequences of small interfering RNAs (siRNAs) for EZH2 were as follows: sense, 5 0 -GAGGUUCAGAC GAGCUGAUUU-3 0 ; antisense 5 0 -AAAUCAGCUCGUCUGAAC CUC-3 0 . 29 si-NC was purchased from Invitrogen. Typically, cells
were seeded in six-well plates and then transfected the next day www.moleculartherapy.org with specific siRNA (100 nM) and control siRNA (100 nM) using Lipofectamine RNAi MAX according to the manufacturer's protocol (Invitrogen). 48 hr post-transfection, cells were harvested and processed for the following experiments.
Flow Cytometric Analysis
Cells were harvested after transfection by trypsinization. For cell cycle analysis, cells were stained with propidium oxide using the Cycle Test Quest software (BD Biosciences). Cells were discriminated into viable cells, dead cells, early apoptotic cells, and apoptotic cells, and then the relative ratio of early apoptotic cells was compared with control transfection from each experiment. All of the samples were assayed in triplicate.
EdU Analysis
An EdU labeling or detection kit (Ribobio, Guangzhou, China) was used to assess cell proliferation. The cells were cultured in 96-well plates at 5 Â 10 3 cells/well. Forty-eight hours after transfection, 50 mM EdU labeling medium was added to the 96-well plates, and they were incubated for 2 hr at 37 C under 5% CO 2 .
After treatment with 4% paraformaldehyde and 0.5% Triton X-100, the cells were stained with anti-EdU working solution. DAPI was used to label the cell nuclei. The percentage of EdU-positive cells was calculated after fluorescence microscopy analysis. Five fields of view were randomly assessed for each treatment group.
ChIP Assays
ChIP assays were performed using EZ-CHIPKIT according to the manufacturer's instructions (Millipore, USA). The EZH2 antibody was obtained from Millipore. H3 trimethyl Lys 27 antibody was purchased from Abcam. Quantification of Five-week-old male athymic BALB/c mice were maintained under specific pathogen-free conditions and manipulated according to protocols approved by the Shanghai Medical Experimental Animal Care Commission. SPCA1 cells transfected with the pcDNA3.1 vector or pcDNA-GDF15 were harvested at a concentration of 2 Â 10 7 cells/mL. Of the suspended cells, 0.1 mL was subcutaneously injected into either side of the posterior flanks of the nude mouse. Tumor volumes and weights were examined every 2 days in mice from the control (seven mice) or pcDNA-GDF15 (seven mice) group; tumor volumes were measured (length Â width 2 Â 0.5). Sixteen days after injection, the mice were killed, and tumor weights were measured and used for further analysis. The primary tumors were excised, and tumor tissues were used to perform qRT-PCR analysis of GDF15 levels and immunostaining analysis of Ki-67 and GDF15 protein expression.
Statistical Analysis
Statistical analysis was performed using SPSS version 22 software (Chicago, IL). Chi-square and t tests were performed to explore the associations between the GDF15 expression level and the clinical characteristics. The survival curves were estimated using the Kaplan-Meier method. A log rank test was used to estimate the significance of the differences between the survival curves. A Cox proportional hazards analysis was performed to calculate the hazard ratio (HR) and the 95% confidence interval (CI) to evaluate the association between GDF15 expression and OS. A multivariate Cox regression was performed to adjust for other Relative expression levels of EZH2 in NSCLC tissues (n = 30) compared with corresponding non-tumor tissues (n = 30). EZH2 expression was examined using qPCR and was normalized to GAPDH expression. The rCt value was determined by subtracting the GAPDH Ct value from the EZH2 Ct value (relative to a single reference value). Smaller rCt values indicate higher expression. (G) Correlation analysis revealed that GDF15 expression levels were inversely correlated with EZH2 expression levels in 1,014 TCGA database NSCLC tissues. (H) Analysis of the relationship between GDF15 expression (rCt value) and EZH2 expression (rCt value) in 30 NSCLC tissues. *p < 0.05 and **p < 0.01.
covariates. p values less than 0.05 were considered to be statistically significant.
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